The crack-like defects often cause the failure of welded structures. Most of the fracture assessment procedures that are used for solving this problem are based on deterministic approaches, for example Zerbst (2007) . But the experimental results show that the mechanical properties and fracture toughness of welded joints are significantly changing with a random variation. Taking this into account the fracture assessment of welded structures requires improved numerical approaches. A numerical model of heterogeneous welded joint with randomly varying yield strength was proposed. The results show that the mechanical heterogeneity leads to higher J-integral values for the defects. This implies that neglecting the mechanical heterogeneity of welded joints results in underrating of the risk of failure of welded structures. The proposed numerical estimation of the fracture toughness is used for some typical welded joints and thin-walled pressure vessel. The relations between the variation of yield strength in cracked welded joints and J-integral are presented as the correction functions for calculated parameter of crack resistance.
Introduction
The traditional methods for estimation of the fracture toughness of welded joints are mostly based on the stress intensity factor, the crack tip opening displacement and J-integral. These criteria consider applied loads, loading conditions and other factors. However, the effect of the mechanical heterogeneity on fracture of welded joints is not included directly in these parameters and needs to be studied. The mechanical heterogeneity of microstructure leads to significant nonlinear deformations in the cracked area. It requires the improvement of methods to estimate the fracture toughness of welded structures.
The nonlinear effects in welded joints are generally studied as "soft" and "hard" layers using finite-element modeling when mechanical properties are constant in each layer. But in fact, the mechanical properties in a welded joint such as yield strength change from one zone to another with some random variation.
The experimental study and numerical implementation of the mechanical heterogeneity of welded joints
To determine the real variations of mechanical properties and fracture toughness in different zones of welded joint the experiments on steels 9MnSi5 and X10CrNiTi18-10 were carried out as it was reported by Moskvichev (2013) . The double-V welded joints which are shown in Fig. 1 were made of both steels and tested on hardness, yield strength, ultimate strength and failure parameter J IC .
By processing the experimental data the mean values and coefficients of variation (CV) of the investigated parameters were estimated for each zone of the welded joint depending on the distance from the center of the welded joint x. These results were used to develop a finite-element model for evaluation of fracture toughness taking into account the mechanical heterogeneity of welded joints. The proposed model of the welded joint is shown in Fig. 2 . It was represented as a set of finite elements with varying yield strength. Accordingly, the yield strength for each finite element was specified at random by the normal distribution with certain parameters. The mean value of yield strength was set as gradually changing from one zone to another according to the piecewise linear function f(x) which represented the experimental data. Based on the proposed numerical model the fracture toughness of a welded plate with central crack was estimated. The problem was solved with the ANSYS software using APDL macro. In order to assess the fracture toughness the energy criterion J-integral was used. The dependence of J-integral value on the size of the integration contour is typical for elasto-plastic problems as it was shown by Morozov and Nikishkov (2007) . It was found that for the large integration contours that fully covered the plastic zone near the crack tip in the proposed model, the value of J-integral became invariant and was taken as the resulting value.
The coefficient of variation of the yield strength in the model was changing from 0 to 0.25 with step of 0.05. The dependence of J-integral on coefficient of variation was studied for several simulation cases when the crack was located in different zones with the varying mean yield strength.
The results presented in Fig. 3 show that the increase of the yield strength variation leads to higher J-integral values by more than 13% compared to homogeneous case when the coefficient of variation equals to 0. This can be explained by the large amount of elements with lower values of yield strength and high plastic deformations, so the plastic zone around the crack tip becomes distorted and the work load increases. Taking these results into account, we can conclude that neglecting the mechanical heterogeneity of welded joints leads to underrating of the risk of crack propagation in the welded joints. One of the ways to take this effect into calculations is to define the correction functions that reflect the dependence of J-integral on the yield strength variation:
The fracture assessment of typical welded joints and thin-walled pressure vessel
By means of the developed finite-element model and considering the experimental data the assessment of the fracture toughness of two typical welded joints with cracks was carried out. The butt joint was modeled of 9MnSi5 steel and the tee welded joint of X10CrNiTi18-10 steel. By approximating the calculated J-integral values depending on the coefficient of variation of the yield strength in the model the correction functions J'(V) were estimated (Fig. 4) . These functions allow taking into account the mechanical heterogeneity of welded joints and to improve the accuracy of fracture assessment of welded structures.
As a practical application of this approach the fracture toughness of the thin-walled pressure vessel was estimated. The vessel was manufactured by the Krasnoyarsk Machine Building Plant "Krasmash" and used in rocket engines. It is made of X10CrNiTi18-10 steel and welded of two halves.
The finite-element model of the pressure vessel shown in Fig. 5 contained the semi-elliptical crack in the welded joint with length of 10 mm and depth of 4 mm in the outer surface. Two cases of the crack location were studiedalong and across the welded joint. The simulation was performed using ANSYS software in three-dimensional formulation. The yield strength distribution in the finite-element model was set on the basis of the experimental data presented earlier. The developed model allows to assess the impact of the mechanical heterogeneity of welded joints on the characteristics of fracture toughness of the vessel and to calculate the correction functions for the J-integral, see Fig.  6 . This model is executed as a user specified program within the finite-element software ANSYS and allows to perform the refined calculations of cracked welded structures. 
Summary
The experimental study of welded joints of steels 9MnSi5 and X10CrNiTi18-10 was carried out. The obtained results show that the mechanical properties are significantly changed in welded joints. The finite-element model with randomly varying yield strength based on the experimental data was proposed. The numerical modeling of heterogeneity phenomenon leaded to higher J-integral values. To take this into account the correction functions of fracture parameter J-integral were calculated for two typical welded joints and for the thin-walled pressure vessel. The study shows that stochastic nature of mechanical properties should be taken into consideration in fracture assessment of welded structures.
